Growing yellow cattle (Bos taurus, n 30, 1·0 -3·5 years old and 75 -240 kg) from their native altitude (2000-2800 m) were used to evaluate the effects of altitude, ambient temperature (Ta) and solar radiation on the basal energy metabolism in this large mammal. Fasting heat production (FHP) was measured at altitudes of 2260, 3250 and 4270 m on the Tibetan plateau both in the summer and winter respectively, after a 90 d adaptation period at each experimental site. The gas exchanges of the whole animal were determined continuously for 3 (2260 and 3250 m) or 2 (4270 m) d after a 96 (2260 and 3250 m) or 48 (4270 m) h starvation period, using closed-circuit respiratory masks. Increasing altitude from 2260 to 3250 m at similar Ta in the summer significantly elevated FHP for all animals (P, 0·01), and from 3250 to 4270 m for young cattle (P,0·05); increasing altitude from 2260 to 3250 m in the winter also significantly elevated FHP (P,0·05), but the increase was mainly due to the decrease of Ta and the increase in wind speed. No results were obtained at 4270 m in the winter, due to the problems of the animals, adaptating to the altitude. The magnitude of FHP elevation caused by increasing altitude was greater with summer sunshine or winter wind than without them. Increase of Ta from 10·0 to 22·08C, in the presence of solar radiation, slightly (2260 m) or significantly (3250 and 4270 m, P, 0·01) elevated FHP, but slightly reduced it in the absence of solar radiation; decrease of Ta from 0·0 to 2 30·08C linearly increased FHP. At 3250 and 4270 m, FHP at the same Ta was higher with summer sunshine or winter wind (3250 m) than without them, but this did not occur at 2260 m. In conclusion, high altitude elevates FHP in yellow cattle in the warm season, and the summer solar radiation and winter wind at high altitude significantly increase metabolic rate. It may be also concluded that the effects of solar radiation on metabolic rate depend on the altitude and the environmental temperature.
The energy expenditure of animals is profoundly influenced by characteristics of the physical environment such as altitude, ambient temperature (Ta), solar radiation and wind speed. The effects of Ta in various domestic animals have been well documented (National Research Council, 1981) . The metabolic and respiratory responses of animals and human subjects to high altitude has also received greater attention, and the O 2 concentration in the air clearly plays a significant role in determining the metabolic rate, especially in small species (for review, see Gautier, 1996) . Solar radiation represents a potentially overwhelming heat load to animals and may therefore have an important influence on their thermoregulatory metabolism and heat balance, especially in grazing animals. Several studies have determined the effect of direct solar radiation on thermoregulatory responses in a hot environment in cattle; however, only a few have focused on the influence of solar radiation on heat energy expenditure under different thermal conditions (Yamamoto et al. 1994; Brosh et al. 1998) , and none has been conducted at moderate or high altitude.
At high altitude, the environment is characterised by a lower P O 2 , a lower temperature and a stronger solar radiation than low altitude environments at similar latitudes. The lower P O 2 may reduce the O 2 consumption in small animals, but the colder temperature, on the other hand, may increase it by increasing thermogenesis (for review, see Gautier, 1996) . These responses, in turn, may be modified by the stronger solar radiation through its greater heat load. To our knowledge, the effects of such a complicated environment on metabolic rate remain unclear. We hypothesised that there might be some interactions between altitude, Ta and solar radiation, and that the energy budgets of animal or human subjects at high altitude therefore are not only affected by a single factor, but also by combinations of these climatic variables.
The objectives of the present study were to investigate the responses of metabolic rate in large mammals to high altitude, Ta, the summer solar radiation and the winter wind, and to the possible interactions among these factors, by measuring fasting heat production (FHP) in 30 yellow cattle (Bos taurus) at 2260, 3250 and 4270 m both in the summer and winter, using closed-circuit respiratory masks.
Materials and methods

Experimental sites, animals and management
The experiments were conducted both in cold and warm seasons on the Qinghai -Tibet plateau in western China. The experimental sites selected were Qinghai Academy of Animal and Veterinary Sciences (lat 36837 0 N, long 101846 0 E), Tiepujia Pasture Improvement Station (lat 37805 0 N, long 99835 0 E) and Maduo Veterinary Station (lat 34855 0 N, long 98813 0 E). The Academy is in an agriculture area, and the two stations are located on the typical alpine meadow. The altitudes at these sites are 2260, 3250 and 4270 m, and the measured air pressures are 576·8^2·8; 514·9^3·3 and 454·5^3·3 mmHg respectively. The mean air temperatures recorded in the last decade in these sites are 17·2 (range 10·0 -28·0), 10·5 (range 2·0 -21·0) and 7·5 (range 2 1·0 -19·0)8C in July, and 2 7·7 (range 2 19·0-0·0), 2 15·2 (range 2 5·0 -2 27·0) and 2 16·8 (range 2 7·0 -2 30)8C in January respectively. There is no absolute frost-free period during any part of the year at 3250 and 4270 m.
Growing yellow cattle (n 30), aged 1·0 -3·5 years and body weight (BW) 75-240 kg (mature BW for the females ranged from 280 to 320 kg), were used. They were collected from their native areas in the eastern part of the Qinghai -Tibet plateau, where the altitude ranges from 2000 to 2800 m. The animals are mostly covered by a coat of yellow hair, which is relatively thicker, fleecier and denser than that in other breeds such as the dairy cow. The cattle were divided, in later measurements, into three groups (four animals per group) according to their ages (1·0-1·5, 2·0-2·5 and 3·0-3·5 years). The experiments lasted for 3 years, and so those cattle that were . 3.5 years were culled and new young animals were selected again to maintain the designed age and BW in each group. The selected cattle were first transported to the stalls at Qinghai Academy of Animal and Veterinary Sciences, where they received a 3-month training programme for various measurements. During the training period, respiratory masks were given to the animals every morning and afternoon (30 min each time); the measurements for respiratory rate, heart rate and rectal temperature were practiced every morning and every week for BW.
The cattle at 2260 m were housed in a half-open house with access to outside, or kept in a fence without any shelter at altitudes 3250 and 4270 m. Animal housing at 2260 m was similar before and during measurements, except for an outside tethering during measurements. At 2260 m, the animals were fed, during the training and non-measurement period, a straw -concentrate diet at twice maintenance level (National Research Council, 1984) ; at altitudes of 3250 and 4270 m, the animals were allowed to graze during the day, and the supplemental feed was given in the evening in the cold season.
Measurements
The measurements, which lasted for 3 years, commenced at the altitude 2260 m and ended at the altitude 4270 m, 1.0 year for each altitude site. The animals were taken to each new experiment site in March every year, and the measurements were carried out in July or August (June at 2260 m) for summer data, and in December or January for winter data.
At each experimental site, twelve animals, four per age group, were used. The animals were deprived of feed or grazing, but not of water, for 7 d at 2260 and 3250 m, and for 4 d at 4270 m. BW was measured in the morning of day 5 and 8 (2260 and 3250 m) or day 3 and 5 (4270 m) of starvation; respiratory rate, heart rate and rectal temperature were measured every morning during the starvation. The respiratory rate and heart rate were measured by counting the rate of flank movement and heart beat for 3 min, using a stethoscope for the latter; the rectal temperature was measured with thermometer after 4 min in the rectum. Gas exchanges for the whole animal were collected for 3 (2260 and 3250 m) or 2 (4270 m) d consecutively begun from day 5 (2260 and 3250 m) or day 3 (4270 m); closed-circuit respiratory masks were connected, with two gas-tight pipes (internal diameter 50 mm), to a gas-tight rubber box with a volume of 2 m 3 and an exit for sample collection. The mask was separately equipped with two movable valves at the connection points with gas-tight pipes, one for inspiration and the other for expiration. The connection pipe was 2 -3 m long and equipped with a valve either to the outside air or to the air in the box. Before each measurement, the mask was given to the animal with the pipe valve opening to the air for several minutes; the valve was then turned to the box for measurement. In the summer, the gas collection was performed at 09.00, 15.00, 22.00 and 04.00 hours for 10-12 min each time. These measurements represented gas exchanges during 08. 01 -11.00, 11.01-20.00, 20.01 -24 .00 and 0.01 -08.00 hours respectively. The gas-collection frame in the winter was essentially the same as in the summer, except for an additional collection at 18.00 hours representing 16.01 -20.00 hours. The time zones were mainly based on changes of Ta recorded continuously for 1 week before gas collection. The recorded Ta in each zone was averaged at the gas-collection hour and appeared relatively stable within the time zone.
Immediately after gas collection, the gas in the collection box was homogenised and a gas sample was taken into a small gas-tight bag for analysis. The total volume of the gas in the collection box was then recorded by withdrawing the gas with hygrometric gas-flow meter connected to gas pump. O 2 and CO 2 concentrations in both the collected gas and the air were analysed within 20 min after collection (Han et al. 2002) .
During the gas-collection days, the standing time of the animals in each time zone was recorded continuously. Temperature, pressure and relative humidity in both the air and the gas-collection boxes were recorded at each collection time. The presence of sunshine in the summer and the wind speed in the winter at the collection time were also recorded.
Calculations and statistics
Fasting BW over each measurement period was calculated as the mean of the BW measured on days 5 and 8 (2260 and 3250 m) or days 3 and 5 (4270 m) of starvation. The gas volume in the collection box was converted into the volume of standard gas, using the equation V 0 P 0 =T 0 ¼ V 1 P 1 =T 1 ; where V 0 , P 0 and T 0 represent gas volume, air pressure (760 mmHg) and temperature (08C) under standard conditions, and V 1 , P 1 and T 1 represent measured gas volume, air pressure and temperature respectively. In the calculation, the variations of air relative humidity in the gas-collection box were also taken into account. FHP, based on the gas volume under standard conditions, was calculated according to the formula of Brouwer (1965) . The total FHP in each time zone was calculated as the product of FHP/h and the total number of hours in the zone, and then corrected into FHP under real standing -lying conditions according to the animal's standing time, assuming that the heat production is 15 % higher in the standing than in the lying situation (Han, 1990) . The total daily FHP of each animal was calculated as the sum of heat production from all time zones throughout the 24 h. The data obtained at 09.00 and 15.00 hours with two higher age groups (the FHP was higher for young cattle and was therefore excluded) were classified into different groups to clarify the effects of altitude, Ta, summer solar radiation and winter wind. The RER is defined as the CO 2 production:O 2 consumption ratio.
Data were analysed, first by ANOVA with animal, age group and altitude, with mean values per animal and per altitude as the experimental unit. The classified data were also analysed by ANOVA with mean values per altitude, Ta, summer radiation and winter wind as units. Differences between the winter and summer for the same group at the same altitude were analysed by t test. The data pooled from the four to five measurements throughout the 24 h were finally treated by ANOVA for altitude and season effects and their interactions. Variables were considered unaffected by altitude, Ta, solar radiation and wind or not significantly different between groups if P. 0·05.
Results
Animal behaviour
At 2260 m, the cattle in each group behaved as usual and no abnormality was observed in both seasons. At 3250 m, the animals looked good in the summer, except for an extreme hyperpnoea at higher Ta (17·0 -23·08C) with sunshine. In the winter, however, the cattle appeared not to adapt to the cold (0·0 -2 30·08C), being characterised by decreased grazing time, shivering, erect hair and bow back. At 4270 m, the eating or grazing time and BW in the summer declined during the pre-measurement period, and the body temperature was lower (37·48C) than that at 2260 and 3250 m (38·58C). On this basis, the starvation lasted for only 4 d and the gas measurements were performed on days 3 and 4. In the winter at this altitude, the reduction of eating time and the loss of BW were greater than in the summer: two animals died during the adaptation period and three died 2 d after the commencement of starvation. The measurement was thus ended and no data were obtained.
The heart rate, respiratory rate and rectal temperature Changes in the heart rate, respiratory rate and rectal temperature are shown in Fig. 1 . All of the variables rapidly decreased in the 2 d after the starvation started, and became stable from day 5. There was no difference between the values at 2260 and 3250 m in the winter; the values, except for the heart rate (similar at 2260 and 4270 m), were higher at 3250 m, and lower at 4270 m, than those at 2260 m in the summer. No difference was observed between groups.
Fasting heat production
The recorded Ta during measurements in the summer at 2260, 3250 and 4270 m averaged 12·5 (range 5·0 -26·0), 13·2 (range 8·0 -23·0) and 10·0 (range 4·0 -17·0)8C respectively. The daily FHP pooled from the four measurements each day at these temperatures significantly increased with increase of altitude (P, 0·01), except for the results from 2·0-year-old cattle from 3250 to 4270 m (Table 1) . FHP, expressed as kJ/kg metabolic BW, was similar between the 2·0-and 3·0-year-old groups, but higher for the 1·0-year-old group.
The responses of FHP in the 2·0-and 3·0-year-old groups to altitude and solar radiation at the same Ta are shown in Table 2 . At 2260 m, FHP was not significantly affected by Ta and solar radiation, and only showed a small increasing tendency with increase of Ta with solar radiation and a small decreasing tendency without solar radiation. At 3250 and 4270 m, FHP at any of the Ta ranging from 10·0 to 22·08C was significantly higher (P, 0·01) with solar radiation, and it significantly increased (P, 0·01) with increase of Ta in the presence of solar radiation, whereas it decreased slightly with increase of Ta in the absence of solar radiation. At the same Ta, the magnitude of the FHP increase caused by increasing altitude was greater with solar radiation than without it.
The FHP measured in the winter is given in Table 3 . The mean Ta during measurements at 2260 and 3250 m were 2 4·6 and 2 12·18C, ranging from 2 15·0 to 0·08C and 2 30·0 to 2 3·08C respectively. The daily FHP pooled from the five measurements under the natural temperature was higher at 3250 m than at 2260 m.
The responses of FHP to altitude and winter wind at the same Ta in the 2·5-and 3·5-year-old groups are shown in Table 4 . Data collected with wind speed , 0·5 m/s were considered as 'without wind' and the remaining were treated as 'with wind'. The wind speed in the 'with wind' group averaged on 2·5 and 5·2 m/s at 2260 and 3250 m respectively. The FHP at the same Ta was slightly different between 2260 and 3250 m in the presence of wind, but similar in the absence of wind. At both altitudes, the FHP slightly increased with decrease of Ta.
A summary of FHP predicted from equations established with the measured data is presented in Table 5 . The measured data at each altitude in a given season were subjected to the model: FHP ðkJ=dÞ ¼ a £ BW b ; using the least squares method. The established FHP in the summer and winter were: 870 £ BW 0·494 (n 12, r 0·792) and 1075 £ BW 0·475 (n 11, r 0·837) at 2260 m, 801 £ BW 0·591 (n 12, r 0·876) and 764 £ BW 0·570 (n 12, r 0·867) at 3250 m, and 2280 £ BW 0·384 (summer, n 7, r 0·819) at 4270 m respectively. Overall, FHP was greater with higher altitude in both seasons. FHP in the winter was higher at 2260 m, but lower at 3250 m than those in the summer under the natural environment conditions. There were significant altitude and season interactions with FHP.
RER
RER were similar between groups and between seasons. The mean RER at 2260, 3250 and 4270 m, from all groups and during both seasons (only summer values at 4270 m), were 0·740, 0·761 and 0·555 respectively, showing a significant decrease from 2260 or 3250 to 4270 m (P, 0·01).
Standing time
There was no difference in standing time between groups at all sites. The mean values at 2260, 3250 and 4270 m were 59·0, 62·7 and 42·2 % in the summer respectively, and 63·4 (2260 m) and 56·3 % (3250 m) in the winter. The standing time was similar in the two seasons at 2260 and 3250 m, but higher (P, 0·05) at 2260 and 3250 m than at 4270 m in the summer. Further analysis showed that the summer standing time during the day was significantly higher (P, 0·01) with sunshine than without it at the same altitude.
Discussion
The aims of our present study were to determine the influences of environmental factors, particularly high altitude, on O 2 consumption in large mammals. The study could have been carried out at a feeding level near maintenance energy requirement to avoid the death of young animals at 4270 m. However, feeding level control is quite difficult on the Tibet plateau, particularly in grazing conditions. Furthermore, reduction of intake occurs at high altitude (Gill & Pugh, 1964; Armellini et al. 1997) . For these reasons, we starved the animals during measurements, to avoid feeding effects. The measured FHP is discussed partly using the BMR in human subjects, since both are obtained in the post-absorptive condition and may be considered as the minimal metabolic rate, although FHP is not the same as BMR. Results for O 2 consumption or maintenance energy requirement, but not maximal O 2 consumption or heat production, are also cited from literature in our discussion, because changes in these two variables parallels those of FHP or BMR (Blaxter, 1978; Haque et al. 1998; Mawson et al. 2000) . Mean values within a row or column with unlike superscript letters were significantly different (P, 0·05). *P, 0·05, **P, 0·01. † For details of diets and procedures, see p. 400. ‡ Data were calculated from determinations at 09.00 and 15.00 hours in the standing state. § 2260 m, n $ 8; 3250 m, n $ 8; 4270 m, n $ 4: 
Effect of altitude on energy metabolism
Many researchers have reported the effect of high altitude on BMR or O 2 consumption in mammals (for review, see Gautier, 1996) . Except for those obtained with small species, the published results indicate that the basal O 2 consumption and FHP were either increased or not affected by high-altitude exposure (Armellini et al. 1997; Han et al. 2002) . In the present study, increasing altitude at the same or similar Ta significantly increased FHP in the summer (Tables 1 and 2 , P, 0·01). These results agree well with previous studies, which revealed significantly elevated BMR or O 2 consumption in sea-level residents exposed to high altitudes on Mt Bianco (Italy, 3800 m; Kellogg et al. 1957) or the Jungfraujoch (Switzerland, 3454 m; Klausen et al. 1968) , in residents of Denver (CO, USA) living on Mt Evans (4310 m; Grover, 1963) , and in Sherpa and Caucasian mountaineers climbing up to the Himalayas (5800 m; Gill & Pugh, 1964) . In our present study, although the yellow cattle were collected from an area where the altitude ranges from 2000 to 2800 m, FHP increased even when the altitude was increased from 2260 to 3250 m. Similarly, Terzioglu & Aykut (1954) recorded, at a relatively low altitude of 1850 m, a significant increase in basal O 2 consumption. In contrast, several researchers reported that the BMR in human subjects (Dempsey & Forster, 1982; Mawson et al. 2000) , and FHP (Blaxter, 1978; Haque et al. 1998; Han et al. 2002) and O 2 consumption (not maximal O 2 consumption) in fed conditions (Hemingway & Nahas, 1952; Piiper et al. 1966; Forster et al. 1976; Blaxter, 1978; Bouverot et al. 1981; Forster et al. 1981; Haque et al. 1998) in various animal species, were not significantly affected during hypoxia. Inconsistancy between studies may be due to the adaptation level of animals or human subjects to high altitude (Zhuang et al. 1993; Haque et al. 1998; Han et al. 2002) .
In the current study, although the yellow cattle used are found in areas with altitudes , 3000 m, the FHP was increased by increasing altitude from 2260 to 3250 m, or Tables 1 and 3, and statistical from 3250 to 4270 m. In addition, the animals appeared not to adapt to high altitude, by showing reduced grazing or eating time at 4270 m in the summer, reduced grazing time, shivering, erect hair and bow back at 3250 m and even death in the winter at 4270 m. In a twin study (Han et al. 2002) , we measured, in the same conditions including feeding and length of starvation, the FHP in the yak (Bos grunniens or Poephagus grunniens ), a large mammal native to areas of high altitude ranging from 3000 to 6000 m in the Tibet plateau. We found that at similar Ta, increase in altitude from 2260 to 3250 m or from 3250 to 4270 m had no any effect on the FHP in this species in the winter or summer, and that the yaks did not show any change in their behaviour at high altitude. Similarly, FHP and maintenance energy requirement measured at 2400 m in goats living above 3500 m in the Himalayan range were similar to those in goats found in the plains of India (Haque et al. 1998) . These studies, especially our studies with cattle and yaks (present study; Han et al. 2002) , suggest that the response of FHP is dependent on the extent of adaptation of mammals to high altitude, and may thus explain the difference between the results of studies including the current findings. Many studies have demonstrated that the increase in BMR in human subjects at high altitudes is a transient phenomenon that may disappear within a few weeks of high-altitude exposure (Kellogg et al. 1957; Hannon et al. 1969 Hannon et al. , 1976 Hannon & Sudman, 1973; Hannon, 1978; Mawson et al. 2000) . However, Butterfield et al. (1992) found the BMR in seven men during 21 d of high-altitude exposure to increase by 27 % after 2 d and then decrease, reaching a plateau at 17 %. In the present study, the summer FHP at the same Ta in most groups was significantly higher at a higher altitude, even though the cattle were at the experimental sites at least for 3 months before measurements. This implies that the transient increase of BMR in animals exposed to high altitude may last for 3 months. The FHP at 3250 m in the winter, however, was similar to that measured at 2260 m at the same Ta without wind (Table 4 ). It might be that the elevated FHP observed in the summer declined, due to gradual adaptation to high altitude, to the values at 2260 m after 3 months, since after the summer measurements the cattle stayed at 3250 m until the winter measurements in December and January.
Recently, Mawson et al. (2000) divided their subjects into groups that were 'fit' and 'less fit' for high altitudes according to the maximum O 2 consumption at sea level. Their results indicated that the elevated BMR fell to sealevel values in the fit women, whereas it remained elevated by 10 % above sea-level values in the less-fit women. This implies that the fit women were able to adapt better metabolically to the stress of altitude than less-fit women were. Perhaps there is also a difference in the fitness level between different species, and the cattle used here might be less fit for high altitude, and this may have maintained the elevated FHP after 90 d of high-altitude exposure.
In the present study, the RER significantly decreased (P, 0·01) with increase of altitude from 2260 or 3250 to 4272 m. A similar decrease in RER has been reported in the yak when the altitude was increased from 2260 to 3250 m or from 3250 to 4270 m (Han et al. 2002) . In mammals, there are a number of factors that could explain RER , 0·70, including methodological errors, ventilatory effects and metabolites such as ketone bodies whose RER may be zero (Schutz & Ravussin, 1980) . In our present study, technical problems should be excluded, because the methods used were the same for all altitudes. It is possible that the ketone bodies produced during starvation were not completely oxidized at 4270 m. It is also likely that the low RER is a physiological phenomenon related to hypoventilation, since lower arterial P O 2 and higher P CO 2 have been reported in lifelong highaltitude residents (Chiodi, 1957; Lahiri, 1968) .
The heart rate and rectal temperature in the summer were higher in animals at 3250 m than at 4270 m. During the measurement at 3250 m, but not at 4270 m, the weather was always bright and sunny, and hyperpnoea was observed at 3250 m in the presence of solar radiation. Thus, we suppose that the higher values at 3250 m were probably caused by stronger solar radiation there, though the intensity of the solar radiation was not measured and there is no information on solar radiation at each site. This explanation may be supported by the winter measurements, which showed no differences in the variables between altitudes. In cattle, the stimulating effect of solar radiation on rectal temperature and respiratory rate has been reported (Yamamoto et al. 1994; Brosh et al. 1998) . The rectal temperature measured in four animals at the beginning of starvation in the winter at 4270 m was approximately 37·08C; the death of the five younger cattle was, therefore, probably not due to the exhaustion of body energy stores, but to the drop of body temperature and metabolic rate.
Effect of ambient temperature on the fasting metabolism
It is recognised that metabolic rate increases when animals are subjected to chronic cold exposure, and that the magnitude of the increase is apparently related to the extent of cold stress (National Research Council, 1981) . In the present study, the FHP at 2260 m was significantly greater (P, 0·05) in the winter than in the summer for all groups (Table 5 ). This is in accordance with studies in growing (Webster, 1970) and adult (Young, 1975 ) cattle, which demonstrate that resting metabolic rate, or fasting metabolism, is increased from 30 to 40 % as a result of physiological acclimation to several weeks of cold exposure.
The FHP at 3250 m, however, was higher in the summer than in the winter (Table 5 ). This is similar to our previous results with yaks in the same conditions (Han et al. 1992 (Han et al. , 2002 , but quite different from any other study at a similar air temperature. This may be mainly due to the effect of solar radiation in the summer, because significantly increased FHP (Table 2 , P, 0·01), heart rate and respiration rate at this experimental site were measured at Ta ranging from 10·0 to 23·08C and extreme hyperpnoea were observed at Ta. 17·08C when there was sunshine. These results suggest that at 3250 m the solar radiation has a greater effect than low Ta does, and this resulted in higher FHP in the summer.
As discussed earlier, the elevated FHP in the summer probably declined because of gradual adaptation to the altitude in the later months of exposure at 3250 m. This could also help to explain the lower FHP in the winter. Another possibility may be that the lower FHP in the winter is a result of altitude -temperature interaction, since hypometabolic responses have been reported to be greater at lower Ta than at higher Ta during hypoxia in mammals (Gautier & Bonora, 1992; Saiki et al. 1994; Han et al. 2002) and non-mammals (Hou & Huang, 1999; Staples et al. 2000) . In our present study, the high altitude probably reduced FHP in cold environment ð0·0 -2 30·08CÞ; which concealed the cold effect as observed at 2260 m.
Further analysis of the results obtained both in the summer and winter indicated that FHP was minimal and similar at environmental temperatures ranging from 14·0 to 20·08C at 2260 and 3250 m in the absence of sunshine. The lower critical Ta (14·08C) seems low as compared with 18·08C observed by Blaxter & Wainman (1961) in fasted cattle. This may be either a result of adaptation of the animal to lower Ta at 2000 to 3000 m, or a breed effect: the thermoneutral zone in cattle differs greatly with breed, mainly due to the different environments in which they live (Blaxter & Wainman, 1961; Han et al. 1992) .
Effects of solar radiation and wind on metabolic rate
Several researchers have documented the effect of solar radiation on energy metabolism in ruminant animals kept in a hot environment at or near sea level; the results from these studies, however, vary with species or breed. In heifers kept at 18·0, 24·0, 28·0 or 30·08C, the solar radiation did not affect heat production and heart rate, despite the heat load induced by the radiation and the significantly increased respiratory rate and rectal temperature (Yamamoto et al. 1994; Brosh et al. 1998) . In contrast, in goats exposed to solar radiation in the summer (30·08C), O 2 consumption was 15 % lower than those in radiation-protected goats (Brosh, 1985 , cited by Brosh et al. 1998 ; however, in buffalo in a hot environment (39·08C at about 14.00 hours) in the summer, the heart rate, which is positively related to heat production (Brosh et al. 1998) , increased during exposure to solar radiation (Mullick, 1960; Chaiyabutr et al. 1990 ). In the present study, the summer radiation at 2260 m did not affect FHP at 18·08C, but slightly reduced it at Ta , 14·08C and slightly elevated it at Ta . 208C (Table 2) . Although these changes were not statistically different, they may suggest that Ta could be a crucial variable in determining the effects of solar radiation on metabolic rate: the radiation could reduce heat production at low Ta and increase it at high Ta. The response at . 18·08C was similar to that in buffalo, but is not similar to those in goats and heifers. It is likely the changes in goats, yellow cattle and buffalo are particular features of each species.
The FHP at 3250 and 4270 m was significantly higher (P, 0·01) in the presence of sunshine at any of the air temperatures from 10·0 to 20·08C. Furthermore, FHP increased lineally with increase of Ta in the presence of sunshine, whereas it tended to decrease with increase of Ta in the absence of sunshine (Table 2) . These results neither agree with the results at 2260 m in this present study nor with the results with goat and cattle in other studies (Brosh, 1985 , cited by Brosh et al. 1998 Yamamoto et al. 1994) . A reasonable explanation may be that the cattle experienced very large heat loads from solar radiation at 3250 and 4270 m, and that a very large proportion of the intercepted radiation was transferred to the insulating coat and skin of the animals. As a result, the temperature in the insulating coat and skin of the animals exceeded the higher critical temperature, which resulted in the increase of heat production. The different response of FHP to solar radiation between 2260 and 3250 or 4270 m suggests that altitude is another crucial variable in determining the metabolic response to solar radiation.
Wind may affect energy expenditure both in hot and cold environments, particularly in animals with a thin coat of hair. In our present study, FHP in the winter at 3250 m with natural wind velocity averaging on 5·2 m/s was approximately 10 % higher with wind than without it. This is consistent with studies in pigs (Close & Heavens, 1981) , white-tailed jackrabbits (Lepus townsendi; Rogowitz & Gessaman, 1990 ) and human subjects (Mäkinen et al. 2000) in cold environments. However, FHP at 2260 m in the same season was not affected by mean wind speeds of 2·5 m/s. The difference between altitudes may be attributed to the different wind speed, since low wind velocity has no effect on O 2 consumption compared with high wind velocity (Mäkinen et al. 2000) .
Conclusion
In summary, the present results demonstrate that increasing altitude, at similar Ta, elevates the FHP in yellow cattle in the summer but not in the winter, and that the summer solar radiation and the winter wind at high altitude significantly increase metabolic rate at the same Ta. The results also suggest that the effects of Ta on metabolic rate vary with solar radiation and the effects of solar radiation depend on the altitude and the environmental temperature. The results provide additional information of the energy metabolism in large mammals at high altitude and harsh environment.
